HMG-CoA reductase catalyzes two reactions of free mevaldehyde. Reaction 2 resembles the third stage, and reaction 3 resembles the reverse of stages 1 and 2 of the overall reaction 1.
Mevaldehyde ϩ NAD(P)H ϩ H ϩ 3 mevalonate
Mevaldehyde ϩ NAD(P) ϩ ϩ CoASH 3 HMG-CoA
HMG-CoA reductase also catalyzes the reverse of reaction 1, the oxidative acylation of (R)-mevalonate to (S)-HMGCoA (reaction 4).
Mevalonate ϩ 2 NAD(P) 
This enzyme is one of a few four-electron oxidoreductases. Two moles of reduced pyridine nucleotide coenzyme is oxidized during the reduction of 1 mol of the thioester group of HMG-CoA to the primary hydroxyl group of mevalonate. Site-directed mutagenesis of HMG-CoA reductase has implicated a histidine (7, 8) , an aspartate (9) , and a glutamate (25) , residues that are conserved in all forms of the enzyme, as critical for catalysis. An active-site lysine detected in the first crystal structure of this enzyme (18) was confirmed as a fourth critical residue by mutagenesis (4, 5) and by inspection of the crystal structures of ternary complexes (13, 23) . The proposed role of the histidine is to protonate the departing CoA thioanion. If retained, this thioanion would attack bound mevaldehyde and block completion of the overall reaction (9) . The catalytic lysine, aspartate, and glutamate form a hydrogen bond-linked network that interacts with the carbonyl group of HMG-CoA. The active-site aspartate participates in both reductive stages of the overall reaction, is central to the hydrogen bond network, and may be part of a proton shuttle (9) . The active-site glutamate participates in the second reductive stage of the reaction (9, 25) , and the active-site lysine appears to stabilize the mevaldyl-CoA intermediate (23) (Fig. 2) .
Inspection of primary-structure alignments of representative HMG-CoA reductases from eukaryotes, archaea, and bacteria led Bochar et al. (3) to distinguish two distinct classes of HMGCoA reductases. The distinction between classes rested initially on the observation that the number of conserved residues and sequences was significantly higher within a single class of HMG-CoA reductases than across the two classes and on the different location of the active-site lysine (Fig. 3) . Subsequent comparison of the crystal structures of Pseudomonas mevalonii and human HMG-CoA reductases established that this lysine, which is conserved only within each class of the enzyme, was present on a different structural element in the two classes (13) .
The primary sequence differences between the two classes parallel the evolutionary diversity of the organisms that harbor enzymes belonging to each class (26) . Class I includes the enzymes from eukaryotes and most archaea, and class II in-cludes the HMG-CoA reductases of certain prokaryotes and archaea. In addition to the divergence in the sequences, the enzymes of the two classes also differ with respect to inhibition by statin drugs. The inhibition constant values for the class I enzymes are nanomolar, whereas the class II reductases are over 4 orders of magnitude less sensitive to inhibition by statins (Table 1) (1, 12, 27) .
The best-studied class I HMG-CoA reductases are those from mammals, plants, yeast, and certain archaea. Eukaryotic HMG-CoA reductases consist of a highly conserved C-terminal catalytic domain and a poorly conserved N-terminal domain that comprises from two to eight transmembrane helices (2) . The crystal structure of the catalytic domain of the human enzyme (13) revealed a tetramer with active sites lying at subunit interfaces. The activity of human and other eukaryotic HMG-CoA reductases is regulated by reversible phosphorylation (19) , but no eubacterial or archaeal HMG-CoA reductase appears to be regulated by phosphorylation in vivo.
The interest in class II HMG-CoA reductases arises from their presence in certain bacterial pathogens and the discovery that a functional mevalonate pathway is essential for survival of these pathogens (26) . The differences in structure, regulation, and sensitivity to statin drugs between the two classes of enzymes suggested, furthermore, that it may be possible to design inhibitors for use as antibiotics that target a class II HMG-CoA reductase. These considerations led to characterization of the class II reductases from Staphylococcus aureus and Enterococcus faecalis in order to supplement the information for the previously characterized class II enzymes from P. mevalonii and Archaeoglobus fulgidus. 
P. MEVALONII
The eubacterium P. mevalonii was isolated from soil based on its ability to grow on mevalonate as the sole source of carbon (10) . The HMG-CoA reductase from this organism, which was the first class II HMG-CoA reductase characterized, plays a biodegradative role in vivo, converting (R)-mevalonate to (S)-HMG-CoA, and it utilizes NAD(H) exclusively as the oxidoreductant (14) .
The three-dimensional crystal structure of the P. mevalonii apoenzyme (18) revealed that the active site is a large open cavity located at the subunit interface of this dimeric enzyme (Fig. 4) . The active site contains three distinct subsites that bind cofactors and substrates. The large domain of one monomer binds the CoA portion of HMG-CoA. The small domain of the second monomer forms the NAD(H) binding site. Located at the interface of the two monomers is a smaller, deeper pocket that binds the HMG portion of HMG-CoA. Subsequently determined structures of two nonproductive ternary complexes (23) provided further insights into the mode of substrate binding and the mechanism of catalysis. The HMGCoA/NAD ϩ ternary structure revealed that HMG-CoA is bound in an extended conformation, with the HMG moiety present in the central pocket (Fig. 5A) . NAD ϩ also binds in an extended conformation, with its nicotinamide ring approaching the thioester group of HMG-CoA in an anti/pro-S relationship. In the mevalonate/NADH structure ( HMG portion of HMG-CoA. The structures of these ternary complexes revealed that binding of substrates and cofactors induces folding of the last 50 residues in the C-terminal region of the monomer. These 50 residues, which are disordered in the apoenzyme structure (18) , form a flap domain that closes over the active site. This conformational change isolates the reaction from the solvent and positions the catalytic histidine proximal to the sulfur atom of HMG-CoA, which is consistent with its proposed role in protonating the departing CoAS Ϫ anion (9). The ternary structures also revealed that Lys267 participates in catalysis and substrate binding, which was subsequently confirmed by mutagenesis and kinetic studies (4, 5) . The crystal structure of P. mevalonii HMG-CoA reductase has been solved by using a complex with the inhibitor lovastatin (24) . Lovastatin binds in the central HMG pocket, accommodating itself in the same position as mevalonate and the HMG portion of HMG-CoA (Fig. 5C) . The ␤-hydroxy-␦-acid moiety of lovastatin sits in the HMG pocket and forms hydrogen bond interactions with active-site residues. The decalin ring and the ␣-methylbutyrate ester moiety twist inward and face the hydrophobic side wall of the pocket (Fig. 5C ). Lovastatin completely invades the HMG-binding site, partially occupies the site for the CoA portion of HMG-CoA, and blocks access of the substrate to critical catalytic residues. In addition, its decalin ring protrudes from the active site and prevents closure of the flap domain, a conformational change essential for catalysis.
A. FULGIDUS
The first example of an archaeal class II HMG-CoA reductase was that of A. fulgidus. The gene encoding the A. fulgidus enzyme was cloned and expressed in Escherichia coli, and the gene product was purified to apparent homogeneity. Its kinetic parameters, pH profile, and statin inhibition profile resemble those of the P. mevalonii enzyme. However, A. fulgidus HMGCoA reductase, unlike the P. mevalonii enzyme, can use NAD(H) or NADP(H) equally well as the oxidoreductant [the k cat (NADPH) /k cat (NADH) ratio is 0.5]. In addition, NADPH behaves like a competitive inhibitor for NADH, suggesting that both coenzymes bind to the same site. Another unusual feature of the A. fulgidus reductase is its temperature profile, which shows that the activity is optimal at 85°C (16).
S. AUREUS
The first HMG-CoA reductase from a pathogen to be investigated was that of S. aureus (27) . Genetic disruption experiments showed that the mvaA gene that encodes S. aureus HMG-CoA reductase was essential for growth of this organism, and mvaA null mutants were severely attenuated in a mouse pylonephritis model (26) . The mvaA gene was cloned as a His-tagged construct, and its protein product was expressed, purified, and characterized. The kinetic parameters, statin inhibition values, and pH profiles were similar to the corresponding parameters for P. mevalonii HMG-CoA reductase. The enzyme can use either NAD(H) or NADP(H) as a cofactor, but it exhibits a preference for NADP(H) [the k cat (NADPH) /k cat (NADH) ratio is 25]. The presence in S. aureus of other mevalonate pathway enzymes suggests that S. aureus HMG-CoA reductase is a true biosynthetic enzyme (27) .
FUSION PROTEIN OF E. FAECALIS
A unique feature of the class II HMG-CoA reductases from enterococci is their location on the same polypeptide as acetoacetyl-CoA thiolase, the first enzyme of isopentenyl diphosphate biosynthesis (26) . The single open reading frame mvaE encodes the protein. The recombinant, N-terminally Histagged mvaE product has been expressed and purified (12) . While the V max for the E. faecalis enzyme was significantly lower than those of other class II reductases studied, the K m values, pH profiles, and statin K i values were comparable to those of other class II HMG-CoA reductases. The E. faecalis enzyme is presently the only known class II HMG-CoA reductase that uses NADP(H) exclusively.
The portion of the mvaE gene that encodes HMG-CoA reductase was subcloned, and the encoded protein was expressed separately as an N-terminally His-tagged construct and purified (11) . Although the V max was higher than that of the fused enzyme, the kinetic parameters of this unfused enzyme were similar to those of the HMG-CoA reductase portion of the fusion protein. Analytical ultracentrifugation and size exclusion chromatography showed that while the fusion protein exists in several oligomeric states, the unfused HMG-CoA reductase forms dimers in solution (22) . Conceivably, the fusion protein may act as a scaffold for assembly of a multienzyme complex for isopentenyl diphosphate biosynthesis. As noted by Wilding et al. (26) , the enterococci are uniquely predicted to synthesize a fusion protein containing the activities of both HMG-CoA reductase and acetoacetyl-CoA thiolase (Fig. 1) . While direct evidence for the activities exists only for E. faecalis, this dual-function protein indeed appears to occur in other enterococci. Western blot analysis of cell lysates of E. faecalis, Enterococcus faecium, and Enterococcus hirae performed with antibodies raised against the purified dualfunction enzyme of E. faecalis revealed the presence of a similar-size mvaE gene product in all three organisms (12) . The enterococcal mvaE gene product thus does not appear to undergo posttranslational cleavage in vivo. However, since genetic evidence does not suggest that this fusion protein occurs in organisms other than the enterococci, the phenomenon appears to be clade specific.
CONCLUSIONS
The recent identification and characterization of several class II HMG-CoA reductases allowed assessment of specific properties of this class of enzymes. While all class II reductases exhibit high levels of primary structure identity and have similar K i values for inhibition by statin drugs (1, 3, 6, 12, 27) , notable differences characterize individual class II enzymes. Unlike the class I enzymes, which utilize NADPH exclusively, the class II HMG-CoA reductases vary in the ability to discriminate between NADPH and NADH. The P. mevalonii enzyme is the only known HMG-CoA reductase whose biologic function is biodegradative (14) . The E. faecalis HMGCoA reductase/acetoacetyl-CoA thiolase fusion protein is the only characterized example of a catalytically active HMG-CoA reductase fused to acetoacetyl-CoA thiolase (12) . However, both genetic comparisons and Western blot analyses suggest that this phenomenon occurs in other enterococci, and genetic comparisons indicate that it probably is unique to the enterococci. Since many gram-positive pathogens require a class II HMG-CoA reductase for survival (26) , the differences between the two classes of enzymes and the individual properties of specific class II enzymes might be exploited to design antibiotics that could be used to treat infections caused by these pathogens. 
